Vaccination-induced Escherichia coli O157:H7-specific immune responses have been shown to reduce E. coli O157:H7 shedding in cattle. Although E. coli O157:H7 colonization is correlated with perturbations in intestinal microbial diversity, it is not yet known whether vaccination against E. coli O157:H7 could cause shifts in bovine intestinal microbiota. To understand the impact of E. coli O157:H7 vaccination and colonization on intestinal microbial diversity, cattle were vaccinated with two doses of different E. coli O157:H7 vaccine formulations. Six weeks post-vaccination, the two vaccinated groups (Vx-Ch) and one nonvaccinated group (NonVx-Ch) were orally challenged with E. coli O157:H7. Another group was neither vaccinated nor challenged (NonVx-NonCh). Fecal microbiota analysis over a 30-day period indicated a significant (FDR corrected, p <0.05) association of bacterial community structure with vaccination until E. coli O157:H7 challenge. Shannon diversity index and species richness were significantly lower in vaccinated compared to non-vaccinated groups after E. coli O157:H7 challenge (p < 0.05). The Firmicutes:Bacteroidetes ratio (p > 0.05) was not associated with vaccination but the relative abundance of Proteobacteria was significantly lower (p < 0.05) in vaccinated calves after E. coli O157:H7 challenge. Similarly, Vx-Ch calves had higher relative abundance of Paeniclostridium spp. and Christenellaceae R7 group while Campylobacter spp., and Sutterella spp. were more abundant in NonVx-Ch group post-E. coli O157:H7 challenge. Only Vx-Ch calves had significantly higher (p < 0.001) E. coli O157:H7-specific serum IgG but no detectable E. coli O157:H7-specific IgA. However, E. coli O157:H7-specific IL-10-producing T cells were detected in vaccinated animals prior to challenge, but IFN-γ-producing T cells were not detected. Neither E. coli O157: H7-specific IgG nor IgA were detected in blood or feces, respectively, of NonVx-Ch and NonVx-NonCh groups prior to or post vaccinations. Both Vx-Ch and NonVx-Ch animals shed detectable levels of challenge strain during the course of the study. Despite the lack of PLOS ONE | https://doi.
Introduction Escherichia coli O157:H7 is a food borne pathogen acquired by ingestion of contaminated food, water or through direct contact with infected cattle or fomites [1] . Cattle are the primary reservoir for E. coli O157:H7, which preferentially colonizes at the rectoanal junction (RAJ) [2] . Although E. coli O157:H7 is not pathogenic to adult cattle [3] , in humans it is associated with bloody diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome (HUS, kidney failure) [4, 5] . A major risk factor for food contamination and human infections is fecal shedding of E. coli O157:H7 by cattle [6] .
A mathematical model predicted an 80% reduction in the number of human illnesses if fecal shedding of E. coli O157:H7 by cattle could be reduced by 50% [7] . A meta-analysis of E. coli O157:H7 vaccination data also suggested that vaccination is an effective strategy for reducing fecal shedding of E. coli O157:H7 by cattle [8] . Frequency, duration, and intensity of E. coli O157:H7 shedding were significantly reduced in cattle vaccinated with either a siderophore receptor and porin protein (SRP)-or type III secreted proteins (T3SS)-based vaccine [9, 10] . Although variable efficacy is reported for a single-dose of a vaccine against E. coli O157:H7 (especially Shiga toxin 2 containing strains) [11] , a three-dose SRP vaccine regimen was 85% effective in reducing E. coli O157:H7 shedding by an average of 1.7 log 10 units in cattle feces [12] . Similarly, a three-dose heat-inactivated hha deletion mutant vaccine reduced the duration of fecal shedding of E. coli O157:H7 [13] . Previously, we demonstrated the efficacy of a two-dose vaccine formulation which stimulated high antibody titers and reduced the duration and magnitude of E. coli O157:H7 shedding in cattle feces [14] . This vaccine formulation contained a bacterin (chemically inactivated hha mutant strain of E. coli O157:H7) and a water-inoil adjuvant [14] . Calves vaccinated with this vaccine formulation became culture negative for E. coli O157:H7 in three weeks after a challenge dose of 10 10 colony forming units (CFU) of E. coli O157:H7 [14] . While protective, the above vaccine formulation exhibited vaccine site reactogenicity in calves, which warranted testing of additional vaccine formulations that would lack such negative effects at vaccination sites but would exhibit higher protective efficacy in terms of reducing colonization and fecal shedding of E. coli O157:H7 in cattle.
The native gut microbiota plays a significant role in the development and regulation of the immune response to pathogens, and an altered gastrointestinal (GIT) microbiota (dysbiosis) may affect the immunological outcome of vaccination [15, 16] . Analysis of the structure and functional profile of cattle GIT microbiota has gained pace recently [17] , albeit with greater emphasis on the study of rumen microbiota and its modulation with different feeds and feed utilization [18] [19] [20] [21] . Nevertheless, in humans and laboratory animals, specific members of the GIT microbiota influence antibody and cell-mediated immune responses [22, 23] .
The three dominant phyla that comprise the GIT microbiota in cattle and almost all mammals are Bacteroidetes, Firmicutes, and Proteobacteria [24] . Lower abundance of Firmicutes relative to Bacteroidetes and Proteobacteria is an indicator of GIT microbiota dysbiosis [25, 26] . In cattle, the Firmicutes-to-Bacteroidetes (F:B) ratio was strongly correlated with daily milk-fat yield and parity of cows in milk, but the F:B ratio was not correlated with milk fat percentage or milk protein percentage [24, 27] . In the current study, we wanted to investigate the impact of vaccination for E. coli O157:H7 on cattle GIT microbiota, and subsequent shifts in microbiota following E. coli O157:H7 challenge. Vaccine immunogenicity and efficacy of the formulations were also assessed, and results integrated with microbiota shifts. Collectively, vaccination was associated with shifts in the Paeniclostridium spp. and Christenellaceae R7 group of the GIT microbiota. Vaccination induced a peripheral anti-E. coli O157:H7 antibody response and E. coli O157:H7-specific T cell response dominated by IL-10 producers. Following challenge, peripheral T cells did produce E. coli O157:H7-specific IFN-γ, but it was not associated with protection.
Material and methods

Animal management and sample collection
Standard husbandry practices and veterinary care were applied to animals in the study. The research protocols used were approved by the USDA-ARS-NADC Institutional Animal Care and Use Committee. Jersey calves (6-8 months old) (n = 16) were tagged with a unique identification number and randomly assigned to one of the following treatment groups (n = 4 per group): 1) Non-Vaccinated and Challenged (NonVx-Ch); 2) Vaccinated (Emulsigen-D Adjuvanted vaccine) and Challenged (Vx E -Ch); 3) Vaccinated (Carbigen adjuvanted vaccine) and Challenged (Vx C -Ch); and 4) Non-Vaccinated and Not-Challenged (NonVx-NonCh). Adjuvants mentioned above were purchased from a commercial supplier (Phibro Animal Health Corporation, Teaneck, NJ). All the calves had free access to feed (pasture and hay) and water while housed outside in a pasture. A day before the challenge, calves were relocated from the pasture into a climate controlled BSL2 facility at the National Animal Disease Center (NADC) and housed in separate pens (4 animals per room per treatment group). Animals were fed twice daily with a maintenance diet of pelleted feed and alfalfa hay cubes and ad libitum access to water. Fecal samples (~10 grams) were collected from each animal by rectal palpation on day 0 (week 0) before vaccination, day 1 (week 1) at priming, day 21 (week 4) at boosting, day 42 (week7) at challenge, and once during weeks 8 to 12 (corresponding to days 49, 56, 63 and 70) post-challenge (Fig 1) resulting in a total of 144 samples from 16 animals (9 samples/animal). These samples were transported in sterile tubes, on wet ice, to the lab on the same day. An additional fecal sample was collected for culture from all animals at necropsy (Fig 1) . Necropsy was performed after calves were humanely euthanized by the intravenous (jugular vein) injection of a barbiturate (sodium pentobarbital). Blood samples (from the jugular venipuncture) and additional fecal samples (n = 54) were collected from all calves at weeks 1, 4, 7, 8, 10 and 11 to identify and determine concentration of serum immune markers and fecal IgA, respectively (Fig 1) . All calves were assigned to the Pain Category C since no clinical signs were expected following the vaccination, challenge, and sample collections. However, it was stated in the animal study protocol that the attending institution veterinarian will be consulted for appropriate handling of any calf exhibiting clinical or behavioral changes due to circumstances unrelated to the procedures (vaccination, challenge, and sample collections). All calves remained clinically healthy throughout the course of the study, except one calf developing an upper respiratory issue that was noticeable as a wheezing during the breathing. This calf was treated with an antibiotic (Draxxin) and an analgesic (Banamine) on the day the symptoms were first noticed while the analgesic was administered for the additional two days. On the third day following the treatment, calf's symptoms were marked resolved.
prepare the vaccine, an overnight culture of the vaccine strain NADC 6597 was diluted 1:100 in DMEM and grown (37˚C, 200 rpm) to an A 600 of about 1.2. The bacterial culture was inactivated by adding formaldehyde (37% w/v) to a final concentration of 1.5% and incubation for 60 min at 37˚C with intermittent shaking as described previously [14] . Inactivated vaccine strain NADC 6597 (10 10 cells in 1. 2 mL of phosphate-buffered saline (PBS)) was mixed with 0.8 mL of Emulsigen-D or Carbigen adjuvant and the resulting emulsions were used for vaccinating calves assigned to Vx E -Ch and Vx C -Ch groups, respectively. The vaccine formulation (2 mL) was injected in the muscle mass of the neck in front of the shoulder. Calves in the NonVx-Ch and NonVx-NonCh groups were mock vaccinated with 2 mL of PBS. Animals were boosted with the same preparations at day 21 (week 4) on the contralateral side of neck.
On day 42 (week 7), twelve calves, belonging to the Vx E -Ch, Vx C -Ch, and NonVx-Ch groups, were orally challenged with 10 10 colony forming units (CFUs) of E. coli O157:H7 strain NADC 6564, and calves from the NonVx-NonCh group were mock-challenged with an equal volume of sterile PBS (Fig 1) .
Detection and enumeration of E. coli O157:H7 strain NADC6564 (challenge strain)
Ten-grams of fecal samples (n = 144) after serial dilution in trypticase soy broth (TSB) (Difco Laboratories, Franklin Lakes, NJ) were plated on sorbitol-MacConkey agar containing streptomycin (100 μg mL -1 ) and potassium tellurite (2.5 μg mL -1 ) (SMAC-ST), directly or after incubation for 18 to 24 h, static at 37˚C (enrichment), to quantify fecal shedding of E. coli O157: H7. Fecal samples collected before the E. coli O157:H7 challenge were also serially-diluted in TSB with or without overnight enrichment and plated on sorbitol-MacConkey agar containing only potassium tellurite (2.5 μg mL -1 ) to detect the naturally present E. coli O157:H7 in calves. Detection sensitivity for direct plating (without enrichment) was 10 3 colony-forming units (CFU) per 100 ml of fecal suspension (ten-gram feces in 90-mL of TSB). For enrichment plating, fecal samples were either assigned a value of one-log CFU or a value of 0 if these produced or did not produce E. coli O157:H7-sepcific colonies, respectively, on SMAC-ST plates. were randomly assigned to one of four groups on week 0 (4 animals/group). Two groups of calves were vaccinated intramuscularly on week 1 followed by a booster dose on week 4. Vaccinated and challenged (Vx E -Ch and Vx C -Ch) and non-vaccinated but challenged (NonVx-Ch) calves were orally inoculated with E. coli O157:H7 on week 7 while the non-vaccinated and non-challenged (NonVx-NonCh) calves received sterile PBS. Fecal samples for culture and microbiota analysis were collected at weeks 0, 1, 4, 5, 7, 8, 9, 10 and 11. An additional fecal sample for culture was collected at necropsy. Blood samples for immune markers were collected at weeks 1, 4, 7, 8, 10 and 11.
https://doi.org/10.1371/journal.pone.0226099.g001
Gut microbiota in E. coli O157:H7 colonization PLOS ONE | https://doi.org/10.1371/journal.pone.0226099 December 5, 2019 Enzyme-Linked Immunosorbent Assay (ELISA) for detection of serum IgG and fecal IgA E. coli O157:H7-specific serum IgG and fecal IgA were evaluated in blood and fecal extracts, respectively, collected from calves at various time points as shown on the study timeline (Fig 1) . The ELISA procedures used for detection of IgG has been described previously [14] and it employed a commercially available kit (SeraCare, Milford, MA). Briefly, 96-well, medium-binding, round bottom plates were coated with an antigen consisting of 10 8 formalin inactivated cells of a non-pathogenic E. coli strain NADC 479, the vaccine E. coli O157:H7 strain NADC 6597, or the challenge E. coli O157:H7 strain NADC 6564 [14] . The wells of the antigen-coated plates were blocked with a blocking buffer and then filled with 100 μl aliquots of diluted pooled sera named Vx-Ch (pooled sera of 4 Vx E -Ch and 4 Vx C -Ch calves), NonVx-Ch (pooled sera of 4 NonVx-Ch calves), and NonVx-NonCh (pooled sera of 4 NonVx-NonCh calves). After 60 min incubation, the wells were washed with a kit-supplied washing buffer and then filled with 100 μl aliquots of a 10 −4 -diluted HRP-conjugated anti-bovine IgG. The plates were washed after 60 min of incubation with HRP-conjugate and wells reacted with 100 μl of a two-component TMB. The reaction was stopped after 5 min of color development by adding 100 μl of stopping buffer and plates were read for absorbance at 405 nm wavelength (OD 405 ) in a SpectraMax Spectrophotometer (Molecular Devices, LLC, San Hose, CA). A commercially available Bovine IgA Quantitation kit (Bethyl Labs, Montgomery, TX) and the manufacturer's recommended procedure were used for detecting relative amounts of E. coli O157:H7-specific fecal IgA. Fecal IgA was detected in fecal extracts that were prepared as described previously [30] . Before using in ELISA, three groups of pooled fecal extracts were generated from feces collected on day 42 (week 7) immediately before E. coli O157:H7 challenge: Vx-Ch group (containing pooled fecal extracts of 4 Vx E -Ch and 4 Vx C -Ch calves), NonVx-Ch group (containing pooled fecal extract of 4 NonVx-Ch calves), and NonVx-NonCh group (containing pooled fecal extract of 4 NonVx-NonCh). Fecal extracts were analyzed against killed challenge strain NADC 6564 or a nonpathogenic commensal E. coli strain NADC 479 coated at 10 8 cells per well onto ELISA Immulon High Binding 2 plates (Thermo Scientific, Waltham, MA). After blocking the coated plate wells with a blocking buffer, 100 μl of a 10-fold diluted fecal extracts was added to blocked plates. Plates were washed five times with PBS containing 0.05% Tween-20 and anti-bovine IgA-HRP (1:10,000 dilution; Bethyl Labs, Montgomery, TX) was added to plate wells as per manufacturer's instructions. Ultra-TMB (Thermo Fisher Scientific) was added to plates after washing ten times with PBS+0.05% Tween-20. Plates were allowed to develop for 15 min and reaction stopped by adding 1M HCl. Plates were immediately read for absorbance at 450 nm (OD 450 ) on a SpectraMax Spectrophotometer.
Isolation of peripheral blood mononuclear cells and antigen recall response stimulation
Peripheral blood mononuclear cells (PBMCs) were isolated from 10 mL of blood as previously described [14] . Isolated PBMCs were counted for viable cells utilizing trypan-blue staining and plated at 10 6 cells/well into 96-well, tissue culture-treated, round bottom plates. Cells were then stimulated for 3 days with 5 μg of heat-inactivated, sonicated E. coli O157:H7 strain NADC 6564 lysate. Cells stimulated with 5 μg of pokeweed mitogen (Sigma Aldrich) were used as a positive control.
Flow cytometry intracellular staining
Cells were stained as previously described [30] . Briefly, at 16 hours prior to harvest, 10 μg/ml Brefeldin A (Sigma Aldrich) was added following manufacturer's recommendations for intracellular staining. Cells were harvested and washed with FACS Buffer (PBS containing 1% Bovine Serum Albumin (Sigma Aldrich)), labeled for flow cytometry with primary-targeting antibodies at 21˚C for 15 min in PBS, washed with FACS buffer, and incubated with appropriate secondary antibodies for 15 min. Cells were washed with FACS buffer, fixed and permeabilized in saponin/formaldehyde solution (BD Fix/Perm, BD Biosciences) prior to adding antibodies to intracellular targets. Finally, cells were suspended in stabilizing fixative (BD Biosciences) and kept at 4˚C until data was acquired. Antibodies used were as follows: mouse anti-bovine γδTCR (TCR1-N24, δ-chain specific; clone GB21A, isotype IgG2b), CD4 (clone IL-A11A, isotype IgG2a), (Washington State University mAb Center, Pullman, WA); CD8-APC labeled (alphachain specific clone CC63), IFN-γ-PE labeled (clone CC302), (Bio-Rad Antibodies, Raleigh, NC); and anti-bovine IL-10-biotinylated labeled (clone CC320, Novus Biologicals, Littleton, CO). Secondary antibodies used were goat anti-mouse IgG1-AF488, IgG1-allophycocyanin, IgM-AF594, IgM-APC, IgG2b-PE-Cy7, IgG2b-AF350, and IgG2b-Cy5 (Southern Biotech, Birmingham, AL) Flow cytometry was performed on an LSR II (BD Biosciences) and analyzed using FlowJo v10 (FlowJo, LLC, Ashland, OR) software.
16S rRNA gene sequencing
DNA was extracted from fecal samples (n = 144) using the DNeasy PowerSoil kit (Qiagen, Germantown, MD). DNA yield and purity were evaluated on a Nanodrop (Life Technologies Corp., Grand Island, NY) and by electrophoresis on a 0.8% agarose gel. Previously described primers and conditions were used to amplify and sequence the V4 region of the 16S rRNA gene [31] . Each PCR mixture contained 17 μl AccuPrime Pfx SuperMix (Life Technologies Corp., Grand Island, NY), 5.0 μM each of the primers, and 25 ng of the template DNA. PCR settings included denaturation at 95˚C for 2 min and 22 cycles of (20 seconds at 95˚C, 15 seconds at 55˚C, 5 min 72˚C) amplification followed by final extension at 72˚C for 10 min. PCR amplicons were normalized using the SequalPrep™ Normalization Plate (96) Kit (Applied Biosystems Inc., Foster City, CA). Normalized amplicons were pooled and quantified using Kapa SYBR Fast qPCR (Kapa Biosystems, Wilmington, MA) and sequenced on a MiSeq Instrument using a MiSeq Reagent Kit v2 following manufacturer's instructions (Illumina, San Diego, CA). DNA from a mock community with defined composition [32] was also used to calculate sequencing error rates.
Data analysis
The sequences were analyzed using the Microbial Genomics Module (MGM) 1.6.1 (https:// www.qiagenbioinformatics.com/solutions/microbial-genomics-solution/) (CLC Genomics Workbench, Qiagen Inc. Redwood City, CA) following the manufacturer's protocol for clustering of operational taxonomic units (OTUs). Specifically, the paired-end read data (forward and reverse sequences) were merged to create the highest quality sequences (trimmed to a fixed length of 250 bp) for clustering. The alignment settings were set as 1 for mismatch cost, 40 for minimum score, 4 for gap cost, and 5 as the maximum unaligned end mismatches. The OTUs were clustered at 97% similarity against the SILVA 16S rRNA small subunit reference database [33] and the metadata were added to the abundance table to aggregate samples based on metadata attributes.
The curated sequences were aligned in the MGM module using MUSCLE by the neighbor joining method and following the Jukes-Cantor model. This alignment was used to create a maximum likelihood phylogenetic tree. The phylogenetic tree and the OTU table describing the taxonomic differences among treatments and between weighted groups were used to calculate the Bray-Curtis dissimilarity and generate the PCoA plot. The difference in beta diversity among the treatment groups was analyzed using the Permutation Multivariate Analysis of Variance (PERMANOVA) in the MGM module. This distance-based method tests the association of microbiome composition with any covariates of interest. The analysis and comparisons of alpha diversity (represented by measuring Shannon diversity index and Chao 1 species richness) between groups was carried out after the OTU tables were rarefied to the sample containing the lowest number of sequences (subsampled to 8,000 sequences per sample). Alphadiversity measures were calculated in the MGM 1.6.1 and compared between vaccinated and non-vaccinated calves, using the Student's T-test. The difference in alpha diversity among the three groups (vaccinated: combined, Vx E -Ch and Vx C -Ch; mock: NonVx-NonCh; and challenged only: NonVx-Ch) of calves after the E. coli O157:H7 challenge was analyzed by one-way ANOVA and a cutoff value of 0.05 (p <0.05) was selected to determine statistical significance (GraphPad Prism1, version 7.0c) of the output data. To determine the taxa that significantly differed between groups, we used differential abundance analysis (DAA) with the OTU table (at genera-level, taxon = Genus) as the input data. Prior to the analysis, OTU tables were rarefied to the sample containing the lowest number of sequences in each analysis. OTUs were assigned at the genus level, and genera with relative abundance of more than 0.1% of the total were used in DAA analysis. Post-hoc test (the false discovery rate, FDR) was used to determine significantly different (FDR p-value <0.05) taxa between groups.
Results
Vaccination did not induce clinical symptoms in calves
The primary and booster doses of the vaccine formulations were given intramuscularly in the neck region which was followed by an oral challenge with E. coli O157:H7 strain NADC 6564 or PBS. No overt clinical signs or negative health issues were reported after vaccination or oral challenge. All calves were sampled at designated time points and collection of these samples throughout the course of this study incurred no injury to the animals due to restraining or sample collection procedures.
Vaccination to E. coli O157:H7 was associated with shifts in microbial communities
Sequencing of the V4 region of the 16S rRNA gene in all 144 fecal samples resulted in 2.63 million reads, which after filtering and removing chimeras yielded 3,974 predicted Operational Taxonomic Units (OTUs). The OTU table and the sample information (metadata) was used to determine statistical differences in bacterial community structure (S1 Table) . There was no significant difference in bacterial community structure between samples from the two vaccinated (Vx E -Ch and Vx C -Ch) groups throughout the study, so both were combined into a single group, called as a vaccinated-challenged group (Vx-Ch). No significant differences (p-value>0.05) were observed in bacterial community structure between the vaccinated and nonvaccinated groups at week 0, week 1 (samples collected before the vaccination) and at week 4 sampling (sampled before the booster-dose vaccine was given) (S1 Fig, S1 Table) . But at week 5, one-week after the booster-dose was administered, the bacterial community structure was significantly different (p-value = 0.01) (S1 Table) between vaccinated and non-vaccinated groups (S1 Fig) . Also, the bacterial community structure was different (p-value = 0.05) (S1 Table) between vaccinated and non-vaccinated groups on week 7 of sampling before the E. coli O157:H7 challenge (Fig 2) . After oral challenge of calves with E. coli O157:H7 or PBS, the bacterial community structure was different between Vx-Ch and NonVx-Ch, and between Vx-Ch and NonVx-NonCh groups (p-value < 0.05) (Fig 2, S1 Table) .
The analysis and comparisons of alpha-diversity (represented by calculating the Shannon diversity index and Chao 1 estimate of species richness) among the three groups of calves showed that the Shannon diversity index was numerically higher in Vx-Ch group up to week 4 of sampling but this trend was reversed from week 5 and at weeks 10 and 11, and the Shannon diversity index of Vx-Ch calves was significantly (p-value < 0.05) lower than that of NonVx-Ch and NonVx-NonCh groups (Fig 3A) . Chao 1 species richness was numerically lower in Vx-Ch group for all but weeks 7 and 8 ( Fig 3B) . Although the difference in Chao 1 species richness was non-significant among three groups up to week 8, there was a significant (p-value < 0.05) reduction in species richness in Vx-Ch group at week 9 (Mean values Vx-Ch vs NonVx-Ch, NonVx-NonCh; 1,022 vs 1,184, 1,185), week 10 (943 vs 1,197, 1,168) and week 11 (1,000 vs 1,255, 1,171) of sampling ( Fig 3B) . The results obtained with Shannon index and species richness corroborate the dynamic changes seen in the community structure (Fig 2) wherein the Vx-Ch calves showed a marked change in microbiome after oral challenge with E. coli O157: H7. Interestingly, there were no significant differences in the Shannon index or species richness between NonVx-Ch and NonVx-NonCh groups from week 7-11 indicating that oral challenge with E. coli O157:H7 alone did not cause significant changes in microbial community structure or alpha-diversity measures.
Microbiomes of E. coli O157:H7 vaccinated and challenged calves had differentially abundant genera
The sequencing data generated on Illumina 1 Miseq was analyzed by MGM 1.6.1 (Qiagen Inc. Redwood City, CA) to create the taxonomic profile of GIT microbiota of all four groups of Gut microbiota in E. coli O157:H7 colonization calves and at all sampling weeks (before and after vaccination and E. coli O157:H7 challenge). The type of adjuvant (Emulsigen 1 -D vs Carbigen™ (MVP Adjuvants™, USA)) used in vaccinating calves did not yield significant differences in the bacterial community structure (pvalue > 0.05) and bacterial community structures were not significantly different between vaccinated and non-vaccinated groups at sampling weeks 0, 1 and 4 (S1 Table) . However, fecal samples collected after the second booster dose of vaccine (at week 5) indicated significant differences in community structure between vaccinated and non-vaccinated groups (Pseudo-f statistic 2.69, p-value = 0.01) (S1 Table) . We investigated which members of the bacterial community were associated with the significant changes in microbiota due to vaccination at week 5 of sampling. To get the useful information, we selected bacterial genera with overall abundance more than 0.1% so as to avoid bias, sequencing errors, or any genera for which taxonomy was not available. The differential abundance analysis (DAA) of OTU table at the genus level of taxonomy indicated higher relative abundance of Rikenellaceae dgA-11 gut group and Ruminococcaceae UCG-013 in samples from the vaccinated group and Anaerorhabdus furcosa group and Acetitomaculum spp. in samples from the non-vaccinated animals (Fig 4) .
Since oral challenge of calves with E. coli O157:H7 alone did not cause significant changes in microbial community structure (Fig 2, S2 Fig) , we compared the taxonomic profiles of GIT microbiota of Vx-Ch and NonVx-Ch groups from week 7 to week 11 by DAA of OTU table at genus level of taxonomy to assess differential impact of vaccination on microbiota composition of these two calf groups. The results of this comparison indicated that a higher number of bacterial genera were differentially abundant between the two groups from week 9 to 11 compared to weeks 7 or 8. These results were in accordance with the observations made about bacterial community structure during these sampling weeks (Fig 2) . The Vx-Ch calves had higher relative abundance of Christensenellaceae R-7 group while Sutterella was relatively more abundant in samples from the NonVx-Ch group (Fig 4) . The DAA analysis at the genus level is more informative compared to the family level because certain members of one bacterial family can be differentially abundant in two groups. For example, Lachnospiraceae NK3A20 group 
Alpha-diversity represented as scatter plots of the (A) Shannon Index and (B) Chao 1 species richness estimates (mean ± SEM) for three treatment groups: vaccinated and challenged (Vx-Ch), non-vaccinated and challenged (NonVx-Ch), and non-vaccinated and non-challenged (NonVx-NonCh), and for all sampling weeks.
There was no significant difference in the fecal bacterial community structure between samples from the two vaccinated groups of calves (Vx E -Ch, Vx C -Ch) hence they were grouped together (Vx-Ch) for the analysis. Student's T-test with a threshold p-value < 0.05 was considered significant.
https://doi.org/10.1371/journal.pone.0226099.g003
Gut microbiota in E. coli O157:H7 colonization is relatively more abundant in Vx-Ch calves at week 9, while Lachnospiraceae NK4A136 group is relatively more abundant in NonVx-Ch group at week 10 of sampling (Fig 4) . After the 12 calves (8 calves in Vx-Ch and 4 calves in NonVx-Ch group) were challenged with E. coli O157: H7, we observed higher abundance of Campylobacter in NonVx-Ch group (from week 8 to 11) while Romboutsia, Paeniclostridium and Methanobrevibacter were more abundant in Vx-Ch group (from week 9 to 11) (Fig 4) . These results indicated that although there was only a slight change in bacterial community structure due to vaccination, the relative abundance of certain genera was significantly different between the Vx-Ch and the NonVx-Ch calves, after calves received oral challenge of E. coli O157:H7.
Vaccination and E. coli O157:H7 challenge had no effect on the Firmicutes: Bacteroidetes (F:B) ratio but altered Proteobacteria abundance
We observed a decrease in F:B ratio over the course of this study in all three (Vx-Ch, NonVx-Ch, and NonVx-Non-Ch) calf groups (Fig 5A) . The Vx-Ch group represents two vaccinated and challenged (Vx E -Ch and Vx C -Ch) calf groups. Higher F:B ratio at up to week 5 of sampling could be associated with the housing of these calves allowing pasture grazing during this time. All 16 calves were moved in to a BSL2 building a day before week 7 sampling and were kept there until the end of this study. We did not observe a significant difference in F:B ratio due to vaccination or E. coli O157:H7 challenge, except for week 0 sampling (before primary vaccination) when the two vaccinated and challenged (Vx E -Ch and Vx C -Ch) calf groups had higher F: B ratio compared to non-vaccinated but challenged (NonVx-Ch) calves (p-value < 0.05, Uncorrected Fisher's Least Significance Difference test for multiple comparisons) ( Fig 5A) . Fig The relative abundance of members of the phylum Proteobacteria (measured as Log 10 of number of OTUs) showed the effect of both time and vaccination. We observed increase in relative abundance of Proteobacteria over the course of study for both NonVx-Ch and NonVx-NonCh calves, but for the Vx-Ch groups of calves, the Proteobacteria population relatively increased up to week 5 and then decreased from week 7 to 11 (Fig 5B) . The abundance of Proteobacteria was higher in Vx-Ch compared to NonVx-NonCh calves (significantly higher at weeks 4 (2.26 vs 1.83) and 5 (2.21 vs 1.77) of sampling). However, once the vaccinated animals received oral challenge with E. coli O157:H7, the relative abundance of Proteobacteria was reduced compared to both NonVx-Ch and NonVx-NonCh calves (Fig 5B) . We did not observe a significant difference in relative abundance of Proteobacteria due to E. coli O157:H7 challenge alone, except for week 0 sampling when Vx-Ch calves had higher Proteobacteria compared to the NonVx-NonCh group.
Differential abundance analysis (DAA) of OTUs (genus-level) between (A) all vaccinated and non-vaccinated calves at week 5, and (B-F) all vaccinated and challenged (Vx-Ch), and non-vaccinated and challenged (NonVx-Ch
E. coli O157:H7 was isolated only from challenged calves
All animals were determined negative for E. coli O157:H7 colonization on their arrival as E. coli O157:H7 was not cultured from any animal feces prior to challenge. After oral challenge with E. coli O157:H7 strain NADC 6564, fecal samples were analyzed for the shedding of the challenge strain. Since we did not observe any significant difference in bacterial community structure between samples from the two vaccinated (Vx E -Ch and Vx C -Ch) groups throughout the study, both vaccinated groups (Vx E -Ch, Vx C -Ch) were combined in to a single group, called as a vaccinated-challenged group (Vx-Ch), for analysis of the fecal shedding data. All 12 calves in challenged groups (Vx-Ch and NonVx-Ch) shed detectable amounts (� 10 2 CFU/g feces) of the challenge strain in feces during the course of the study although the concentration (CFU/g feces) was one-log lower in Vx-Ch group of calves compared to the NonVx-Ch calves 
Vaccination induced significantly high levels of E. coli O157:H7-specific serum IgG but not fecal IgA
Vaccine induced E. coli O157:H7-specific antibodies in periphery and feces are important indicators of vaccine immunogenicity and are associated with reduction of E. coli O157:H7 fecal shedding in vaccinated cattle [10, 13, 14, 30, [34] [35] [36] [37] . Immunogenicity can be associated with protection, and given that the vaccine is targeted to an organism that can be commensal, we investigated peripheral E. coli-specific IgG and fecal E. coli-specific IgA. We first tested sera of four animal groups (Vx E -Ch, Vx C -Ch, NonVx-Ch, and NonVx-NonCh) by ELISA to determine differences in the level of induction of E. coli O157:H7-specific serum IgG and crossreactivity of these antibodies to commensal E. coli. A preliminary screening of 10-fold serial dilutions (10 −1 to 10 −4 ) of sera collected from each animal of the four study groups on day 42 of week 7 showed that only sera from the two vaccinated and challenged animal groups (Vx E -Ch and Vx C -Ch) had significantly higher reactivity to the vaccine strain (NADC 6597) compared to sera of NonVx-Ch and NonVx-NonCh animals at all tested serum dilutions (S3 Fig) .
We then tested the pooled sera (Vx-Ch pool containing sera of four Vx E -Ch and four Vx C -Ch animals; NonVx-Ch pool containing sera of four NonVx-Ch animals; and NonVx-NonCh pool containing sera of four NonVx-NonCh animals) at 10 −3 dilution (dilution that produced a strong signal in the preliminary ELISA) ( S3 Fig) to determine the specificity of serum IgG response and its cross-reactivity to E. coli O157:H7 challenge strain (NADC 6564) and nonpathogenic commensal E. coli (NADC 479), respectively. As shown in Fig 6A, the pooled sera of Vx-Ch animal groups showed about 9-fold higher reactivity with E. coli O157:H7 challenge strain NADC 6564 (green bars) compared to the commensal strain NADC 479 (red bars). The pooled sera of NonVx-Ch and NonVx-NonCh animals, on the other hand, reacted poorly with Gut microbiota in E. coli O157:H7 colonization strain NADC 6564 and commensal strain NADC 479 indicting that the vaccination-induced IgG was specific to E. coli O157:H7 and did not cross-react to the nonpathogenic commensal E. coli NADC 479. For determining fecal IgA response, we tested pooled fecal extracts (prepared from feces collected immediately before challenge on day 42 of week 7) of vaccinated and non-vaccinated animals (Vx-Ch pool of 4 Vx E -Ch and 4 Vx C -Ch animals; NonVc-Ch pool of 4 NonVx-Ch animals; and NonVx-NonCh pool of 4 NonVx-NonCh animals) using a commercially available kit enabling detection of bovine IgA. As shown in Fig 6B, minimal IgA to E. coli was detected in the feces, and for the minimal detected, there was no difference in reactivity to E. coli O157:H7 (green bars) and generic E. coli (red bars).
E. coli O157:H7 vaccination skewed cellular immune responses toward an immunoregulatory phenotype
Previously, vaccination with adjuvanted NADC 6597 induced peripheral E. coli O157:H7-specific T cell interferon (IFN)-γ responses, which associated with reduced fecal shedding of E. coli O157:H7 from calves [30] . However, in the current study, peripheral E. coli O157:H7-specific CD4 + IFN-γ + cells were not detected after vaccination. Prior to challenge, there were minimal E. coli O157:H7-specific T cells responses detected. Primarily CD4 + and CD8 + cells responded to E. coli O157:H7-restimulation with the production of IL-10, but not IFN-γ (Fig 7) . The Gut microbiota in E. coli O157:H7 colonization percentage of CD4 + IL-10 + cells was significantly greater at week 4 and 7 in Vx-Ch calves compared to NonVx-Ch and NonVx-NonCh groups (p<0.05, p<0.0001 respectively) (Fig 7, Panel  A) . The percentage of CD8 + IL-10 + was significantly greater at week 7 in Vx-Ch and NonVx-Ch calves compared to NonVx-NonCh calves (p<0.05) (Fig 7, Panel B) .
Challenge, but not prior vaccination, impacted peripheral E. coli O157:H7-specific γδ T cell responses, as percentages of cytokine producing cells were similar between Vx-Ch and NonVx-Ch compared to NonVx-NonCh group. Specifically, the percentage of CD4 + cells producing IFN-γ + after in vitro stimulation with E. coli O157:H7 antigen was significantly greater in Vx-Ch and NonVx-Ch calf groups compared to the NonVx-NonCh group (week 10, p<0.01) (Fig 7, Panel A) . Following challenge, the percentage of CD4 + IFN-γ + IL-10 + cells was significantly greater in Vx-Ch and NonVx-Ch calves compared to the NonVx-NonCh calves (week 8, p<0.05) (Fig 7, Panel A) . The percentage of CD8 + IFN-γ + was significantly greater at week 8 in NonVx-Ch (p<0.01) and Vx-Ch calves (p<0.05) compared to the NonVx-Non-Ch animals (Fig 7, Panel B) . The percentage of CD4 + IFN-γ + IL-10 + cells was significantly greater at week 8 for the Vx-Ch and NonVx-Ch groups of calves compared to NonVx-NonCh calves (p<0.05) (Fig 7, Panel B) .
Unlike γδ T cells, the percentage of γδ T cells producing IFN-γ upon in vitro restimulation were impacted by prior vaccination. The percentage of γδTCR + intracellular IFN-γ was significantly greater in Vx-Ch calves at week 8 (p < 0.0001) and week 10 (p < 0.001) compared to NonVx-Ch and NonVx-NonCh calves (Fig 7, Panel C) . However, the percentage of γδTCR + IL-10 + cells was significantly greater at week 8 in both Vx-Ch and NonVx-Ch calves (p<0.05) compared to NonVx-NonCh calves (Fig 7, Panel C) . Overall, IL-10 producing cells were prominent both before challenge and after, and vaccination only impacted IFN-γ producing γδ T cells, but only after challenge.
Discussion
Shiga toxin producing E. coli (STEC) cause 2.8 million illnesses globally [38] , more than 265,000 illnesses in the US [39] and 36% of these illnesses are attributed to E. coli O157:H7 alone. In addition, a combined economic loss of about $993 million per year to public health, agriculture and meat industry has been attributed to STEC (mainly E. coli O157:H7) contamination and infections [40, 41] . Cattle vaccination presents a viable pre-harvest strategy to reduce contamination and human infections as cattle are the primary E. coli O157:H7 reservoirs [7] . The role of the gastrointestinal (GIT) microbiota and bacterially-derived products in modulating local intestinal and systemic immune responses are well established [42] . Unfortunately, E. coli O157:H7 can be a commensal organism such as in cattle or a pathogen when it infects humans. Vaccination itself may alter the GIT microbiota, and would be important to understand. Vaccine formulations that do not adversely affect or do constructively affect GIT microbiota may minimize other impacts on animal health. In the current study, we evaluated the effect of vaccination and E. coli O157:H7 challenge on the GIT bacterial community structure of calves and immunogenicity of the vaccine formulation immune responses targeting E. coli O157:H7.
Vaccination and E. coli O157:H7 challenge altered the fecal microbiota but the two vaccine formulations used did not cause changes in the fecal microbiota. Thus, data from the two vaccinated groups were pooled for the analyses. Genera like Paeniclostridium and Chritensenellaceae R-7 group were relatively more abundant in GIT microbial communities of calves vaccinated and challenged (Vx-Ch) with E. coli O157:H7. At week 7 (on or before day 42) of sampling, which was prior to challenge, a higher relative abundance of Rikenellaceae dgA-11 gut group was detected in vaccinated calves compared to non-vaccinated calf groups.
Following challenge (week 10 of study) a higher relative abundance of Romboutsia and Paeniclostridium was detected in vaccinated (Vx-Ch) calves while challenged non-vaccinated calves (NonVx-Ch) had higher abundance of Sutterella and Campylobacter. Thus, vaccination alone did shift microbial communities, and challenge also had an impact.
The role and impact of GIT microbiota composition in domestic animals in bacterial colonization/pathogenesis is largely unknown, as evidenced by the relatively small number of studies compared to the ones evaluating the human microbiome [18, 25] . We have identified several differentially abundant bacterial genera (Romboutsia, Paeniclostridium, Methanobrevibacter, and Turicibacter) associated with vaccination which will be useful in future studies for identifying association of microbiota with vaccination in cattle. Specifically, we observed higher relative abundance of Turicibacter in Vx-Ch calves at week 9 (Fig 4) without noticing any significant effect on F:B ratio. Previous studies have demonstrated higher abundance of Turicibacter in the GIT of cattle that were fed feedlot ration and had higher F:B ratio [18, 20] . Turicibacter are reportedly also enriched in the large intestine of cattle which contained relatively lower abundance of Proteobacteria [17] . We also consistently observed higher abundance of Sutterella and Campylobacter in NonVx-Ch calves. Further studies involving cattle are needed to determine the functional profile of the GIT microbiota due to vaccination.
Oral challenge with E. coli O157:H7 by itself did not cause significant changes in microbial community structure. Change in the bacterial community structure was significantly associated with vaccination but independent of the adjuvants used in the vaccine formulations. The significant differences in the GIT bacterial community structure and taxonomic profiles were between Vx-Ch and NonVx-Ch calves, but we did not follow these animals for an extended period to see if the GIT microbiota of Vx-Ch animals would become similar to that of the NonVx-Ch animals over time. A slight reduction in the F:B ratio was observed over the course of the study, regardless of the vaccination/challenge status of calves. However, the abundance of Proteobacteria was significantly greater before and lower after challenge with E. coli O157:H7 in the vaccinated group (Vx-Ch) compared to the non-vaccinated but challenged group (NonVx-Ch).
A variety of vaccine candidates including subunit vaccines prepared from specific purified E. coli O157:H7 proteins, SRP vaccine based on siderophore receptor and porin proteins of E. coli O157:H7, culture supernatants containing type III-secreted proteins of E. coli O157:H7, or bacterial ghosts of E. coli O157:H7 have shown induction of E. coli O157:H7-specific IgG, IgA, or both IgG and IgA [9, 10, 14, 30, 35, 36, 43] . In majority of the vaccination studies conducted using above mentioned vaccines, serum E. coli O157:H7-specific IgG appeared to be the major circulating immune response generated by vaccinated animals that also showed reduction in the fecal shedding of experimental E. coli O157:H7 challenge strain or naturally infecting strain of E. coli O157:H7. In a previous study, we demonstrated the induction of both E. coli O157: H7-specific serum IgG and fecal IgA in animals vaccinated with a vaccine formulation containing the inactivated vaccine strain (E. coli O157:H7 NADC 6597) and ISA61 Montenide adjuvant [14] . The E. coli O157:H7-specific IgA exerted inhibitory effect on the adherence of E. coli O157:H7 to cultured epithelial cells, thus demonstrating functional specificity of this IgA against E. coli O157:H7. However, in the current study examining the effects of vaccination on intestinal microbiota diversity, we observed that the two vaccine formulations prepared by mixing the inactivated E. coli O157:H7 strain NADC 6597 with adjuvant Emulsigen-D or Carbigen only induced higher levels of E. coli O157:H7-specific IgG but not E. coli O157: H7-specific fecal IgA. It could be hypothesized that the increases in E. coli O157:H7-specific IgG might be important considering that after oral challenge with E. coli O157:H7 strain NADC 6564, all 12 calves in the three challenged groups (Vx D -Ch, Vx C -Ch, and NonVx-Ch group) continued to shed the challenge strain in feces, but the amount (CFU/g feces) of E. coli O157:H7 shed in feces was one-log lower on week 7 (day 43), week 8 (day 49), and week 9 (day 56) in Vx-Ch group (representing both Vx D -Ch, Vx C -Ch groups) of calves compared to the NonVx-Ch calves. Several studies have reported that the circulating IgG could cross transluminal barriers to reach intestinal mucosal surfaces where these could interact with specific pathogenic entities and provide protection against the targeted pathogen [44] . Since we observed significant differences in the GIT bacterial community structure and taxonomic profiles between Vx-Ch and NonVx-Ch calves after week seven, when IgG response reached the highest concentration in Vx-Ch animals, the enhanced levels of serum IgG could have directly or indirectly influence fecal shedding of E. coli O157:H7 and intestinal microbial community structure and diversity.
In conclusion, we have demonstrated that vaccination altered the composition of the GIT microbial population community structure and subsequent experimental exposure of vaccinated animals to E. coli O157:H7 resulted in additional changes in the GIT microbiota community structure that were not seen in the unvaccinated but E. coli O157:H7-exposed animals. Since vaccination did transiently reduce shedding of E. coli O157:H7 for three weeks post-E. coli O157:H7 exposure of vaccinated animals, the microbiota community structure could be considered constructive but suboptimal in their ability to repress fecal shedding in vaccinated animals for longer time periods. It is also possible that besides inducing specific microbiota shifts, vaccination must also induce both E. coli O157:H7-sepcific antibody and cell-mediated immune responses in order to provide optimal protection in terms of reducing the magnitude of E. coli O157:H7 fecal shedding for longer time periods. In the current study, we were able to show that the vaccine formulations that we used had no adverse vaccine site reactivity in animals, were able to induce significantly high levels of peripheral IgG response, but generated no fecal IgA response, did not induce peripheral E. coli O157:H7-specific CD4 + IFN-γ + cells, and produced IL-10 upon restimulation but no IFN-γ. In a previous study, we demonstrated that a vaccine formulation formulated with the same vaccine strain that was used in the current study but mixed with a different adjuvant induced significantly high levels of E. coli O157: H7-specific peripheral IgG, fecal IgA, cell-mediated immune cells (CD4 + IFN-γ + cells), and immune markers (IFN-γ + ) and these vaccinated animals also showed significant reduction in fecal shedding over the duration of the study [14] . To strengthen the findings of the study described in the current manuscript, future studies are planned to investigate changes in the bovine GIT microbiota over an extended period of time with optimal vaccine formulations and to determine the effects of vaccine-induced immune responses and altered microbiota in limiting/enhancing immune responses to E. coli O157:H7.
Supporting information S1 Table. Differences in bacterial community structure between the different treatment groups. Differences in bacterial community structure were examined by PERMANOVA analysis of the bacterial community structure (Beta-diversity). (DOCX) S1 Fig. Principal coordinate analysis (PCoA, Beta-diversity) plots. PCoA was performed for comparing bacterial community structure between vaccinated and non-vaccinated groups at sampling weeks 0, 1, 4 and 5, before the E. coli O157:H7 challenge was given. 
